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ABSTRACT 
In recent years, phase contrast has gained importance in the field of X-ray imaging and more 
particular in high-resolution X-ray computed tomography or micro-CT. For phase propagation imaging, 
no additional hardware or specific setup is required, which makes the effect inherent to micro-CT 
where it is manifested as an edge-enhancement effect. As such, it can be beneficial for qualitative 
analysis of a 3D volume. Nevertheless, it induces unreal gray values and is thus often considered as 
an imaging artefact which hinders proper quantitative 3D analysis. Several methods exist to reduce 
this phase contrast effect or to retrieve the phase information from the mixed phase-and-amplitude 
images. In this presentation, a comparison will be made between 2 phase retrieval algorithms and 2 
phase correction algorithms. Of these 2 latter, one can be performed on the reconstructed volume, 
which clearly facilitates the operation of phase correction. 
1. INTRODUCTION 
In standard X-ray radiography and tomography, image contrast is generated by attenuation of the X-
ray beam by the object under investigation. In recent years, a lot of research has been performed on 
image contrast generation by induced <the phase shift of the X-ray beam by the object. This is 
generally called X-ray phase contrast imaging. To exploit this phase shift specific hardware such as 
grating interferometers can be used, but even at standard setups, the phase shift becomes evident 
when coherence and beam propagation distance are sufficiently large. In the most common regime, 
the phase shift induces X-ray refraction and results in an edge-enhancement effect on the radiographs 
(Wilkins et al., 1996). This can be beneficial for visual inspection and is as such often used. 
Nevertheless, the edge enhancement effect gives rise to unreal reconstructed gray values in 
tomography and hinders proper image analysis. It can thus be considered an imaging artefact which 
needs to be reduced. 
 
Since X-ray attenuation is also present in these mixed phase-and-amplitude images, this information 
needs to be unwrapped. This can be done by taking multiple images at different propagation 
distances, but this is practically unfeasible at lab-based cone-beam setups given the geometrical 
magnification. Alternatively, single-image phase retrieval or phase correction can be used, assuming 
certain conditions. 
 
In this presentation, these assumptions and their validity will be checked for 2 phase retrieval and 2 
phase correction algorithms.  
1.1. In-line phase contrast imaging 
A common starting point to describe the intensity  at a given sufficiently small distance  from 
the contact plane (Gureyev et al., 2009) is the transport of intensity equation (TIE): 
 
, (1) 
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where the gradient operator is taken orthogonal to the rays and  is the phase shift at a given 
point. Under some weak assumptions, an approximate solution can be found: 
 
, (2) 
 
where  is the integrated attenuation coefficient and  is the geometrical magnification.  
From Eqn. (2), it can be seen that the mixed phase-and-amplitude image consists of the attenuation 
image and two phase contributions. It can be easily understood that Eqn. (2) can be solved in the case 
of a homogeneous object, i.e. the ratio  is constant, or in the case of a non-attenuating sample, i.e. 
.  
1.2. Phase retrieval and correction methods 
The two assumptions mentioned in the previous section result in two different phase retrieval methods. 
In the first case of a homogeneous object, a simultaneous phase-and-amplitude retrieval (SPAR) 
method is proposed by Paganin et al. (2002) by filtering the projection data: 
 
 , (3) 
 
where  is the integrated thickness,  the geometrical magnification,  and  are the local 
attenuation coefficient and the local refractive index decrement, respectively and  and  are the 
spatial frequencies along  and , respectively.  
Alternatively, a phase retrieval method based on a non-attenuating sample was proposed by 
Bronnikov (2002). A modification of this method called Modified Bronnikov Algorithm (MBA) as 
proposed by Groso et al. (2006) allows for some attenuation by adding an extra parameter  to the 
filter. The filter  
 
 , (4) 
 
is performed on the Fourier transform of the adapted projection data , which is 
approximated by the normalised projection data decremented by 1 as the attenuation image 
 is not available. 
 
The MBA method retrieves an approximation  of the phase shift , which can be used to 
invert Eqn. (2) if the last term can be neglected, which is often the case. This is the starting point of the 
Bronnikov Aided Correction (BAC, De Witte et al., 2009), which calculates the second derivative of 
 and subtracts this contribution from the original image  to obtain a corrected image 
: 
 
, (5) 
where  is a free parameter.  
A last method discussed in this presentation is a post-processing method, i.e. no projection data is 
required to perform this phase correction method. It can be shown that the reconstructed attenuation 
coefficient from mixed phase-and-amplitude projection data is approximately (Cloetens, 1999) 
 
  , (6) 
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with  the propagation distance and  the refractive index of the object. In the case of a homogeneous 
object, Eqn. (6) can be inverted to retrieve the true local attenuation coefficient  (Wernersson 
et al., accepted). This method is called the spatial phase removal filter (SPR). 
2. RESULTS 
A wood sample, scanned at a voxel size of (5.91 µm)³, has been reconstructed using all phase 
retrieval and phase correction methods. The results of these methods are summarized in Figure 1. 
The sample contains 3 different regions, i.e. air, wood and nutrient medium. In the regular filtered 
back-projection (FBP) reconstruction, the difference between these regions is very hard to see. On the 
other hand, the edge between material and air is enhanced due to phase effects. On this sample, 
MBA and SPAR return similar results, with greatly enhanced signal-to-noise ratio (SNR, Boone et al., 
2012a) but show apparent blurring of the sample. It can be shown (Boone et al., 2012b) that this result 
is characteristic for low-attenuating samples, but MBA performs worse when attenuation increases, 
resulting in a cupping artifact. The BAC result shows worse SNR than MBA and SPAR, but it can be 
shown that small features are better preserved with this method compared to both phase retrieval 
methods (De Witte et al., 2009). Similarly, the SPR method does not drastically improve the SNR but 
removes phase artifacts very efficiently. Using a supplementary filtering step, the result is very similar 
to both phase retrieval methods. 
 
a)  b)  c)   
d)  e)  f)  
Figure 1: comparison of the different phase retrieval and correction methods applied on a wood 
structure with a nutrient medium (bottom left); a) standard FBP reconstruction; b) MBA reconstruction; 
c) SPAR reconstruction; d) BAC reconstruction; e) SPR applied on the FBP reconstruction; f) 
additional noise filter applied on the SPR result 
3. CONCLUSION 
A variety of algorithms to process single-image in-line X-ray phase contrast images is available. It has 
been shown that these different methods each have specific advantages and disadvantages, but are 
in many cases a great tool to improve 3D visualization and analysis of X-ray micro-CT data. 
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